Using the path integral approach to equilibrium statistical physics the effect of dissipation on Landau diamagnetism is calculated. The calculation clarifies the essential role of the boundary of the container in which the electrons move. Further, the derived result for diamagnetization also matches with the expression obtained from a timedependent quantum Langevin equation in the asymptotic limit, provided a certain order is maintained in taking limits. This identification then unifies equilibrium and nonequilibrium statistical physics for a phenomenon like diamagnetism, which is inherently quantum and strongly dependent on boundary effects. In addition we have shown that our results are directly connected with fluctuation induced diamagnetic susceptibility of superconducting grains.
INTRODUCTION
Diamagnetism, which occurs as a result of the orbital motion of electric charges in the presence of a magnetic field, is an old and well studied problem. It was shown by Bohr and Van Leeuwen that when classical statistical mechanics are applied to the calculation of the diamagnetic moment, the answer is identically zero.
(1) Thus, diamagnetism is an intrinsically quantum mechanical property, the treatment for which was provided by Landau after the advent of quantum mechanics.
(2) There is an interesting issue of the role of the boundary within which the charges move, as was studied in depth by Van Vleck and Peierls. (3, 4) While in classical statistical mechanics the contribution to the diamagnetic moment arising from the orbiting charges within the bulk of the container exactly cancels the contribution coming from the boundary-currents, this cancellation is incomplete in the quantum case, yielding a non-zero value of the diamagnetic moment. The boundary currents or edge currents are also important in the context of the quantum Hall effect.
(5) In an earlier work, (6) referred here as I, we addressed the question of what happens to diamagnetism when there is dissipation present. Because the diamagnetic moment is proportional to the expectation value of the vector product of the operators r and v, r being the position of the charge and v its velocity, the calculation was set up as a transport problem, much like the celebrated Drude conductivity of charge carriers.
(7) Thus, the stationary form of the magnetic moment was obtained from the asymptotic (i.e. time t → ∞) limit of the exact solution of an underlying quantum Langevin equation (QLE) for r and v.
(8) Naturally, the role of the boundary had to be carefully assessed by first solving the QLE in the presence of a confining boundary, then taking the t → ∞ limit for the diamagnetic moment, and finally removing the boundary.
The QLE employed in I is in the spirit of the Caldeira Leggett model for which the harmonic oscillators are viewed to constitute a quantum bath that defines the temperature.
(9) In this paper we present an alternative calculation of the diamagnetic moment, which is now viewed as a thermodynamic property, derivable from the derivative of the Gibbs partition function. Thus the full Hamiltonian comprising the charged particle in a magnetic field, the harmonic oscillators and their coupling, is treated in the canonical ensemble of equilibrium statistical mechanics. For reasons mentioned earlier, a confining boundary has to be also included, which is to be eliminated only after the derivative of the partition function is computed. In the present calculation, the temperature T is that of an 'invisible' bath in which the canonical system is viewed to be embedded. While in I we have considered only the ohmic dissipation in the Caldeira-Leggett model, both non-ohmic and ohmic cases are treated here. Although it is not surprising that the result derived here in the ohmic limit matches with the answer obtained in I, that was based on a time-dependent Brownian motion approach, (10) dissipative diamagnetism provides an elegantly pedagogical toy model within which equilibrium and nonequilibrium statistical mechanics can be holistically combined. We may point out that the combined effect of dissipation and confinement on Landau diamagnetism, the latter arising from coherent cyclotron motion of the electrons, is particularly relevant in the context of intrinsic decoherence in mesoscopic structures and fluctuation induced diamagnetic susceptibility and conductivity in superconducting structures (11−13) in view of heat bath induced influence. (5, 14) With the preceding background we organize the paper as follows. In Sec. 2 we discuss our model. Using the imaginary time path integral method, we reduce the infinite dimensional action to an effective two dimensional action by integrating out
